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Statement  of  the  Problem  Studied  and  our  Related  Achievements 


The  needs  and  the  requirements  of  medical  diagnostics  in  resource  limited  settings  such  as  the 
battlefield  are  significantly  different  than  advanced  medical  laboratories.  On  the  battlefield,  medical 
resources,  as  well  as  trained  personnel  capable  of  running  advanced  diagnostic  devices  are  difficult  to 
find.  Meanwhile,  there  is  a  growing  need  for  cost-effective,  compact,  light-weight,  and  high 
performance  diagnostic  devices,  equipped  with  advanced  technologies,  that  can  be  used  with 
minimally  trained  personnel  to  accurately  analyze  various  bodily  fluids  such  as  blood,  urine,  saliva, 
sputum,  sweat,  etc.  Analysis  of  these  samples  for  diagnostic  and  sensing  purposes  requires  a  high- 
throughput  platform  that  can  specifically  and  accurately  identify  the  characteristic  signatures  of  target 
cells,  bacteria  or  other  bio-markers  among  thousands  to  millions  of  other  micro-  to  nano-scale  objects. 

To  provide  a  solution  to  these  problems,  within  this  proposal  timeline  (1  Year  total)  we  developed  a 
new  lensless  on-chip  imaging  platform,  termed  LUCAS,  to  enable  both  diagnostic  and  sensing 
capabilities  within  a  cost-effective  hand-held  unit  that  is  specifically  suitable  for  the  battlefield 
settings.  We  established  the  proof  of  concepts  of  this  imaging  modality  to  achieve  reliable  and 
repeatable  quantified  whole  blood  analysis  and  compared  our  results  against  commercially  available 
blood  analyzers.  Furthermore,  we  investigated  the  fundamental  limits  on  the  size  of  the  detectable 
cell/bacteria  with  this  platform.  These  accomplishments  resulted  in  several  refereed  journal  and 
conference  articles.  This  research  effort  included  one  postdoctoral  scholar  as  well  as  one  graduate 
student  working  under  the  leadership  of  the  PI. 
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Summary  of  our  Achievements  on  Lensfree  Holographic  Imaging  and  Blood  Analysis 
on  a  Chip: 

Lenses  for  several  decades  have  been  helping  detectors  (analog  or  digital)  to  operate  at  the  lowest 
possible  space-bandwidth  product  that  is  determined  by  the  desired  FOV  and  the  resolution  of  the 
image.  However,  the  recent  digital  revolution,  driven  mostly  by  consumer  electronics  market,  has 
already  advanced  the  state  of  the  art  for  digital  imagers  such  that  a  2D  space-bandwidth  product  of 
>10-20  Million  is  readily  available  nowadays.  This  implies  that  today’s  detector  arrays  are  now  much 
better  suited  to  handle  the  information  distortion  caused  by  diffraction,  which  may  then  raise 
questions  on  the  absolute  necessity  of  the  use  of  lenses  in  optical  imaging.  Moreover,  today’s  digital 
processors  (such  as  GPUs)  together  with  novel  algorithms  are  also  in  much  better  shape  to  process, 
almost  instantaneously ,  the  acquired  information  at  the  detector  end  for  taking  the  job  of  a  physical 
lens.  Therefore,  we  can  conclude  that  the  widespread  use  of  lenses  (or  similar  wavefront  shaping 
elements )  in  optical  imaging  can  now  be  replaced  for  several  application  needs  by  cost-effective , 
compact  and  much  simpler  optical  architectures  that  compensate  in  the  digital  domain  for  the  lack 
of  complexity  of  optical  components. 

The  fruits  of  this  thinking  have  already  appeared  in  the  literature,  where  various  lensfree  on-chip 
imaging  architectures  were  successfully  demonstrated.  [1-20]  Among  these  approaches,  lensfree 
digital  holography  deserves  a  special  attention  since  with  new  computational  algorithms  and 
mathematical  models,  [21]  it  has  the  potential  to  make  the  most  out  of  this  digital  revolution.  For  this 
end,  as  part  of  this  funding,  our  group  has  recently  led  the  way  to  a  new  incoherent  holography 
platform  termed  LUCAS  ( Lensless  Ultra-wide-field  Cell  monitoring  Array  platform  based  on  Shadow 
imaging).  [7-20] 

LUCAS  is  fundamentally  different  from  existing 
holographic  approaches  since  it  does  not  require  a 
spatially  or  temporally  coherent  source.  Instead,  it 
works  with  an  incoherent  source  (e.g.,  an  LED) 
that  is  emanating  from  an  unusually  large 
aperture  (e.g.,  0.1mm).  The  key  to  the  design  of 
LUCAS  is  to  realize  that  light  waves  pick  up 
partial  spatial  coherence  as  they  propagate,  which 
implies  that  just  over  a  few  centimeters  of  free- 
space  propagation  they  can  effectively  behave 
like  a  perfect  coherent  source  for  holographic 
imaging  of  micro-objects. [10]  In  its  unique 
hologram  recording  geometry  (see  e.g.,  Fig.  1), 

LUCAS  detects  the  holographic  shadow 
signatures  of  the  objects  with  unit  magnification, 
which  are  then  processed  to  enable  digital 
recognition  and  microscopic  imaging  of  the 
objects,  achieving  —1-1.5  qm  resolution  over  >20 
fold  larger  FOV  when  compared  to  a 
conventional  microscope  objective-lens  of  similar 
resolution. [7, 10] 

There  are  several  aspects  of  this  LUCAS  platform 
that  makes  it  transformative  for  imaging  and 
detection  applications  in  especially  field  settings. 


Fig.  1  (a)  A  LUCAS  based  lensless  holographic 
microscope  that  weighs  ~45  grams  (<1.6  ounces)  is 
shown.  It  utilizes  a  simple  LED  source  (at  591  nm)  with 
an  aperture  of  -50-100  pm  in  front  of  the  source.  The 
LED  and  the  sensor  are  powered  through  USB  connection 
from  the  side.  This  lensfree  holographic  microscope 
claims  the  entire  active  area  of  the  sensor  as  its  imaging 
field-of-view  (FOV  -  24  mm2),  which  constitutes  >20 
fold  increase  when  compared  to  the  FOV  of  a  typical  10X 
objective-lens  having  a  similar  resolution,  (b)  Schematics 
of  the  holographic  LUCAS  microscope  shown  in  (a).  The 
target  objects  within  the  sample  volume  interact  with  the 
illumination  light  through  scattering,  absorption  and 
refraction  processes.  This  interaction  then  creates  the 
holographic  shadows  of  the  objects  on  the  digital  sensor 
array,  which  contain  their  “ fingerprints ”,  permitting 
digital  recognition  and  microscopic  image  reconstruction 
within  <1  sec.  Drawing  not  to  scale.  Typical  values:  zx~2- 
4cm,  z9<l-2mm,  D-50-100  pm. _ 
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First,  the  light  source  in  this  holographic 
approach  does  not  need  to  be  a  laser  such  that  a 
spatially  incoherent  source  like  a  simple  LED 
can  be  used.  This  feature  greatly  simplifies  the 
optical  set-up,  making  it  cost-effective  and 
compact,  as  well  as  digitally  cleaning  the  object 
holograms  by  eliminating  the  coherent  speckle 
noise  and  substrate  induced  multiple-reflection 
effects  (see  Figs.  1-3). [7, 10]  Second ,  this  on- 
chip  holography  approach  is  not  hungry  for 
spatial  coherence  and  therefore  does  not  require 
a  small  aperture  size  for  illumination  which 
improves  the  light  throughput  of  the  imaging 
system  by  orders-of-magnitude  without 
causing  an  issue  for  hologram  pattern  analysis 
or  digital  image  reconstruction.  This  large 
aperture  size  (e.g.,  50-100  pm  -  Fig.  1)  also 
makes  it  robust  to  mechanical  misalignments  or 
potential  clogging  problems  permitting  a  long 
time  of  operation  without  imaging  artifacts  or 
the  need  for  realignment.  Third ,  because  of  its 
unit  magnification  (which  is  compensated 
entirely  in  the  digital  domain  to  achieve  sub- 
pixel  resolution),  we  can  image  a  much 
larger  field-of-view,  typically  by  >20-100 
fold  than  a  conventional  optical  microscope 
(see  e.g.,  Figs.  3-4).  Fourth ,  apart  from 
reconstructing  microscopic  images  of  objects 
through  holographic  processing,  we  can  also 
detect  a  unique  2D  holographic  texture  (i.e., 
a  fingerprint )  corresponding  to  each  object, 
which  provides  an  alternative  source  of 
digital  information  that  complements  the 
reconstructed  object  images.  Through 
pattern/texture  analysis  of  such  holographic 
object  signatures  (both  phase  and  amplitude) 
it  is  possible  to  recognize  the  type  and  the 
state  of  each  object  of  interest  without  digital 
reconstruction  [17,20],  which  is  especially 
important  for  automated  high-throughput 
detection/analysis  applications. 

This  is  an  entirely  new  direction  in  lensfree 
holography  which  treats  the  amplitude  and 
the  phase  of  object  holograms  as 
fingerprints  rather  than  data  to  be 
reconstructed.  A  major  advantage  of  such  an 
approach  is  that  correlations  calculated  in  the 
hologram  domain  are  more  sensitive  than  the 
image  plane,  especially  for  micro-scale 
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Fig.  2  Various  blood  cells  imaged  using  the  LUCAS 
holographic  microscope  of  Fig.  1(a)  are  illustrated  and 
compared  against  40X  objective-lens  (NA=0.6)  images  of 
the  same  FOV.  The  bottom  row  illustrates  the  lensfree  cell 
shadows  (i.e.,  holograms)  that  are  digitally  processed 
(within  <10  ms)  to  reconstruct  the  middle  row  microscopic 
images  of  the  samples.  This  reconstruction  process  can  be 
achieved  all  in  parallel  across  an  FOV  of  ~24  mm2  or  even 
larger  (e.g.,  ~18  cm2)  as  shown  in  Fig.  3. 
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Fig.  3  Ultra-wide  field-of-view  (FOV)  imaging  of  blood  cells 
(over  -18  cm2)  using  a  benchtop  LUCAS  platform  is 
illustrated.  [17]  This  constitutes  - 1000  fold  larger  FOV  when 
compared  to  an  optical  microscope,  permitting  a  throughput  of 
>10  Million  cells/second,  (b)  illustrates  a  digitally  cropped 
region  of  interest  taken  from  (a),  (c)  and  (d)  illustrate  the 
recovered  hologram  phase  and  the  reconstructed  image  of  the 
cells,  respectively.  Each  cell  hologram  and  its  corresponding 
phase  exhibit  oscillations  that  act  as  the  “fingerprint”  of  the  cell 
that  can  be  used  to  assess  the  health  of  each  cell  individually. 
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objects  that  are  imaged  with  a  unit-magnification 
lensfree  system.  This  important  feature  of  lensfree 
holographic  imaging  enabled  us  to  achieve  sub-pixel 
resolution  of  ~1.4|im  with  unit-magnification  using  a 
pixel  size  of  ~2.2|am  over  an  FOV  of  ~24mm2,[10,13] 
which  would  have  been  theoretically  impossible  for  any 
lens-based  system.  Therefore,  correlations  and 
transformations  occurring  in  the  hologram  domain 
exhibit  several  advantages  toward  high-throughput 
detection/analysis  of  target  objects  with  significantly 
improved  space-bandwidth  products. 

In  addition  to  these,  our  group  has  also  hit  several  other 
major  milestones  using  the  LUCAS  platform.  In 
particular,  we  achieved  lensfree  on-chip  fluorescent 
imaging  of  labeled  cells  and  particles  over  an  ultra- wide 
FOV  of  >8  cm2  [16,18]  as  well  as  differential 
interference  contrast  (DIC)  imaging,  [10, 13]  i.e., 

Nomarski  phase  contrast  microscopy,  within  the  same 
LUCAS  platform  (see  Fig.  4).  Furthermore,  we 
succeeded  in  detection  of  various  bacteria  such  as  E. 
Coli  or  Giardia  lamblia ,  [14]  as  well  as  imaging  of 
blood  cells  including  platelets,  monocytes,  granulocytes, 
lymphocytes,  and  red  blood  cells.  [10, 17]  Beyond  wide- 
field  microscopy,  the  LUCAS  platform  also  enabled 
automated  high-throughput  cytometry  by  counting  red 
and  white  blood  cells  with  an  accuracy  of  <5%,  each,  as 
well  as  quantification  of  the  hemoglobin  content  of 
whole  blood  within  the  same  lensfree  platform.  [17] 

Furthermore,  we  have  also  we  combined  lensless 
holographic  imaging  with  antibody  microarrays  for 
rapid  and  multiparametric  analysis  of  whole  blood 
samples  on  the  same  chip. [11]  For  this  purpose, 
monoclonal  antibodies  specific  for  leukocyte  surface 
antigens  (CD4  and  CD8,  both  of  which  are  especially 
important  for  immunity  assesment)  and  cytokines  were 
printed  in  an  array  so  as  to  juxtapose  cell  capture  and 
cytokine  detection  antibody  spots.  Lensfree  holographic 
on-chip  imaging  was  then  used  to  rapidly  enumerate 
CD4  and  CD8  T-lymphocytes  captured  on  antibody 
spots  and  to  quantify  the  cytokine  signal  emanating 
from  IL-2,  TNF-a  and  IFN-y  spots  on  the  same 
chip. [11] 

And  finally,  we  also  demonstrated,  for  the  first  time,  the 
use  of  nano-structured  surfaces  [8]  for  lensfree  on-chip 
microscopy  to  further  improve  the  resolution.  In  this 
nano-structured  on-chip  imaging  modality,  the  object  of 
interest  is  directly  positioned  onto  a  nano-structured  thin 


Fig.4  (Top)  Ultra-wide  field  of  view  (FOV)  lensfree 
on-chip  fluorescent  imaging  set-up.  (Middle)  High 
throughput  lensfree  fluorescent  imaging  on  a  chip  is 
illustrated  over  an  FOV  of  8.4  cm2  for  fluorescently 
labeled  cells. [16, 18]  This  lensfree  fluorescent  image 
was  pumped  through  an  LED  and  was  acquired 
within  an  integration  time  of  ~1  sec.  The  inset  image 
is  digitally  cropped  from  the  large  FOV.  The  raw 
lensfree  fluorescent  images  are  digitally  processed 
through  compressive  sampling  to  achieve  a  spatial 
resolution  of  ~10pm  over  >8  cm2.  [16]  Dual  imaging 
mode  is  also  demonstrated  to  enable  lensfree 
transmission  holographic  imaging  and  fluorescent 
imaging  of  an  ultra-wide  FOV  within  the  same 
benchtop  LUCAS  platform.  [18]  (Bottom  Row) 
LUCAS  based  DIC  (Nomarski)  images  of  white 
blood  cells  are  demonstrated.  The  same  holographic 
microscope  of  Fig.  1(a)  can  be  converted  into  a 
lensless  DIC  microscope  with  two  polarizers  and 
thin  birefringent  crystals  (e.g.,  quartz). [10, 13]  Each 
birefringent  uniaxial  crystal  creates  an  ordinary  and 
an  extra-ordinary  hologram  of  the  cell,  which  are 
separated  by  a  shear  distance  of  ~1  pm  from  each 
other.  The  interference  of  these  holograms  codes  the 
DIC  information  into  the  cell  shadow.  [13]  Despite 
the  major  differences  in  the  way  that  the  lensless 
holograms  are  physically  created  and  recorded  for 
regular  transmission  imaging  vs.  DIC  imaging,  the 
image  reconstruction  process  remains  the  same  in 
both.  [10, 13]  The  shear  direction  is  indicated  in  the 
figure  with  the  red  dashed  line. 
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metallic  film,  where  the  emitted  light  from  the  object  plane,  after  being  modulated  by  the  nano¬ 
structures,  diffracts  over  a  short  distance  to  be  sampled  by  a  detector-array  without  the  use  of  any 
lenses.  The  main  function  of  the  nano-structured  surface  is  to  encode  the  spatial  resolution 
information  into  far-field  diffraction  patterns  that  are  recorded  in  a  lensfree  configuration.  This  spatial 
encoding  process  is  calibrated  after  the  fabrication  of  the  nano-structured  surface,  by  scanning  a 
tightly  focused  beam  on  the  surface  of  the  chip.  For  spatially  incoherent  imaging  (e.g.,  for  fluorescent 
objects  on  the  chip)  these  calibration  frames  provide  a  basis  which  permits  spatial  expansion  of  any 
object  distribution  as  a  linear  combination  of  these  calibration  images.  Fortunately,  calibration  of  a 
given  structured  chip  has  to  be  done  only  once,  and  any  arbitrary  incoherent  object  can  be  imaged 
thereafter  using  the  same  set  of  calibration  images.  Through  a  compressive  sampling  algorithm, [8, 16] 
we  decoded  this  embedded  spatial  information  and  demonstrated  decomposition  of  a  lensfree 
diffraction  pattern  into  microscopic  image  of  an  incoherent  object  located  on  the  chip  with  a  sub-pixel 
spatial  resolution  of  This  imaging  modality  based  on  nano-structured  substrates  would 

especially  be  useful  to  create  high-resolution  lensfree  fluorescent  microscopes  on  a  compact  chip  that 
could  be  used  for  specific  imaging  of  labeled  blood  cells  in  resource  poor  settings. 
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